The effects of garlic and onion on the microbiological and physicochemical properties of irradiated ground beef patties were evaluated. Ground beef was mixed with 0.5%(w/w) minced garlic or 2.5%(w/w) minced onion, vacuum-packed in oxygen-impermeable nylon/PE bags and then electron beam-irradiated at 2.5 kGy. All samples were kept at 4 o C for 8 d. Irradiation resulted in a 2-log CFU/g reduction in both aerobic and coliform bacteria. The microbial counts gradually increased during storage, but those in beef that contained garlic or onion were 1-log CFU/g lower than those of the control samples after 8 d of storage. The pH value decreased during storage in all meat samples, but this decrease was greater in non-irradiated beef than in irradiated beef. The lipid oxidation, volatile basic nitrogen content and Hunter color values of raw patties were generally not affected by irradiation or the addition of garlic and onion. Sensory evaluation of cooked patties showed that the off-odor was less pronounced in samples that contained added garlic or onion than in control samples, and that the overall acceptability of beef formulated with garlic was the highest. Overall, the results of this study indicate that the addition of garlic or onion in combination with irradiation treatment enhanced the microbial quality and improved the sensory quality of irradiated ground beef.
Introduction
Irradiation is an effective intervention technology in eliminating microorganisms, especially foodborne pathogens, in fresh meat (Borsa et al., 2004; Dickson, 2005; Spoto et al., 2000; Thayer and Boyd, 1993) . Because of the increasing foodborne disease caused by undercooked meats, application of ionizing radiation on raw red meat has been approved in at least 12 countries at an irradiation dose range of 2 to 8 kGy (IAEA, 2006). However, irradiation has been reported to promote lipid oxidation, color changes, and produce undesirable flavor and off-odor in meat (Ahn et al., 2000b; Millar et al., 2000; Montgomery et al., 2003) . Addition of natural food seasonings, such as ginseng and garlic herbs, on beef steaks prior to irradiation was found to inhibit lipid oxidation and minimize surface discoloration on irradiated meat (Wong and Kitts, 2002) . Moreover, they also improved the microbial safety and enhanced the flavor of the meat (Lipsky, 2000) .
Garlic and onion as food ingredients are known for their biological and pharmacological properties (CorzoMartinez et al., 2007) . Due to their high antimicrobial activities, both garlic and onion can be used as natural preservatives to control microbial growth in various food products (Pszczola, 2002) . Previous studies on the addition of garlic in ground beef revealed that it could minimize lipid oxidation and enhance the color and microbial safety of the meat (Aydin et al., 2007; Gupta and Ravishankar, 2005; Yin and Cheng, 2003) . The effect of irradiation on fresh meat has been studied extensively. However, there are limited studies on the combined effect of low dose irradiation, and addition of garlic and onion on the overall quality of meat. The objective of this study was to evaluate the effects of garlic and onion on the microbiological and physicochemical quality of ground beef patties irradiated with electron beam. 
Materials and Methods
Sample preparation, irradiation, and storage Fresh ground beef was purchased from three local supermarkets in Daegu, Korea. Each of the ground beef sample was divided into three portions and added with one of the following treatments: 0.5%(w/w) minced garlic, 2.5%(w/w) minced onion, or nothing (control). The tested concentrations of garlic and onion used were selected on the basis of our preliminary study on the sensory quality of ground beef added with garlic or onion. Approximately 30 g of patty (1.3±0.3 cm thickness) was prepared and vacuum-packaged in oxygen-impermeable nylon/PE bags using a vacuum packing machine (Leepack, Bucheon, Korea). Irradiation was carried out using an electron beam accelerator with an acceleration voltage of 2.5 MeV (EB Tech, Daejeon, Korea) at a dose of 2.5 kGy. All samples were stored at 4 o C. Analyses were conducted immediately after irradiation and after 4 and 8 d of storage. Triplicate experiments were conducted for sample preparation, irradiation, and storage.
Microbiological analysis
Five grams of meat were mixed with 45 mL sterile peptone water. Subsequent dilutions were prepared, and 1 mL was plated in 3M Petrifim Aerobic Plate Count (Minnesota, USA) and 3M Petrifilm Coliform Count Plate (Minnesota, USA) for total aerobic bacteria and coliform counts, respectively.
Determination of Hunter's color values
The Hunter color L-(lightness), a-(redness), and b-(yellowness) values were determined using a Colorimeter (Minolta CR-200, Osaka, Japan). Measurements were taken at four random locations from both sides of the patties and the averages were reported. The L-, a-, and b-values of the standard plate were 97.66, -0.36 and 1.92, respectively.
Chemical analysis
Three grams of beef sample were mixed with 30 mL distilled water. The mixture was filtered (Whatman No. 41) and the pH of the filtrate was measured, using a pH meter (Thermo Scientific Orion Star Series, USA). Lipid oxidation was determined by the 2-thiobarbituric acid reactive substances (TBARS) value using the method described by Nam et al. (2001) . The volatile basic nitrogen (VBN) content was analyzed using Conway method as described by Lim et al. (1997) .
Sensory evaluation
Beef patties were cooked following the method of Murano et al. (1998) . The cooked beef patties were evaluated for color, aroma, off-odor, flavor, juiciness, tenderness, and overall acceptability by 10 sensory panelists. A line scale (numerical value of 5 units) was used with descriptive anchors (none and high) at each end of the line.
Statistical analysis
The results from the measurements were statistically analyzed using the Statistical Analysis System for Windows V8. Analysis of Variance and Duncan's Multiple Range Test were used at p<0.05, and the mean values and standard error of the means (SEM) were reported.
Results and Discussion

Microbiological quality
Irradiation resulted in a 2-log CFU/g reduction in total aerobic bacteria in all samples ( Table 1) . Addition of garlic or onion did not have a direct effect on the number of total aerobic bacteria in beef patties, but after 8 d of storage at 4 o C, the number of total aerobic bacteria in beef formulated with garlic and onion were 1-log CFU/g lower than that of the control ones. Similarly, coliform counts decreased by 1-2 logs CFU/g after irradiation. The counts gradually increased during storage, but the increase was greater in control beef than in garlic-or onion-added beef patties. Wong and Kitts (2002) also observed a slight reduction in the bacterial counts of both irradiated (2-4 kGy) and non-irradiated beef steaks pre-seasoned with 1% garlic after 2 weeks of refrigerated storage. This was mainly due to the synergistic antimicrobial effect between garlic and electron beam irradiation. Garlic and onion contain high organic sulfur compounds that are responsible for their antibacterial properties (Corzo-Martinez et al., 2007). In our study, the minimal antimicrobial effect of garlic and onion in ground beef patties may be due to low concentrations of garlic (0.5%) and onion (2.5%) added in beef patties. However, our preliminary study indicated that higher concentrations of garlic and onion resulted in reduced sensory quality of meat (data not shown in a tabular form). Aydin et al. (2007) reported that chopped garlic inhibited the microbial growth in ground beef depending on the garlic concentration, but the effect was still minimal even at the highest concentration (10%).
Hunter's color values
The Hunter's L-values were not significantly affected by the addition of garlic or onion, irradiation, and storage (Table 2) . No significant changes in the a-values were observed in irradiated beef formulated with garlic and onion. However, the a-values of all samples increased during storage, indicating that the beef patties became redder. This is in accordance with the findings of Kim et al. (2002) , in which the Hunter's a-values of beef loins in vacuum packaging increased after 7 d of storage regardless of irradiation treatment. The development of red color is attributed to the formation of carboxymyoglobin and reduced myoglobin in irradiated or non-irradiated beef (Millar et al., 2000) . Regarding the yellowness (bvalue) of beef patties, no considerable changes were observed in irradiated beef formulated with garlic or onion even after 8 d of storage. The overall changes in color (∆E) of beef patties showed that irradiation and addition of garlic or onion resulted in a noticeable color difference (Table 2) . However, the magnitude of the color change during storage was higher than the total color changes resulting from irradiation and addition of garlic and onion. This indicates that prolonged storage at 4 o C was more influential than irradiation treatment or with the addition of garlic and onion on the color changes of ground beef patties.
Chemical quality
Generally, the pH of the meat samples was not affected by either irradiation or addition of garlic or onion ( Table   Table 1 ) ; a, degree of redness (red +100→-80 green); b, degree of yellowness (yellow +70→-80 blue); and ∆E: overall color difference ( ). 2) SEM = standard error of the means.
3). However, the pH decreased during storage in all beef patties, and the decrease was greater in non-irradiated samples than that of the irradiated ones. This is due to the higher microbial count in non-irradiated patties. Some bacteria, particularly Gram positive bacteria, produce organic acids, which can influence the pH of the fresh meat (Wong and Kitts, 2002) . The lipid oxidation of the beef samples was not initially influenced by either irradiation or addition of garlic and onion. Ahn et al. (2000a) reported that the use of vacuum-packaging minimized the oxidative changes in irradiated meat. The storage conditions and availability of oxygen were found to be more important for the development of lipid oxidation than irradiation. After 4 d of storage, the TBARS value of irradiated beef formulated with onion was significantly lower (p<0.05) than that of the non-irradiated and irradiated control and garlic-added samples. A study involving the use of onion extracts in turkey breast rolls revealed that the lipid oxidation was significantly reduced in turkey rolls after 2 d of refrigerated storage (Tang and Cronin, 2007) . Onion has high quercetin content, which is responsible for its antioxidant property. Irradiation at 2.5 kGy did not significantly change the VBN values in beef patties. Irradiated beef formulated with onion exhibited lower VBN content than that of the irradiated control beef and garlic-added samples, but the difference disappeared during storage.
Sensory evaluation
Sensory scores for color and aroma were highest in irradiated beef formulated with garlic (Table 4) . Off-odor score was highest in irradiated control beef and lowest in irradiated meat with garlic and onion. Studies showed that irradiation resulted in the development of off-odor in ground beef (Montgomery et al., 2003; Murano et al., 1998) . Results of this study indicate that garlic and onion could minimize the irradiation off-odor in meat. The flavor and juiciness scores were highest in beef formulated with garlic (Table 4 ). No significant difference was observed in beef tenderness among treatments (p<0.05). Irradiated beef samples with garlic had the highest overall acceptability. Addition of minced onion to beef patties did not cause significant change on the overall sensory acceptability of the cooked meat.
Conclusion
Results of this study showed that addition of garlic or onion prior to irradiation of ground beef patties could enhance the microbial quality of meat during refrigerated storage. It could also minimize the off-odor and improve the overall sensory quality of cooked patties. The Hunter's color and chemical quality of irradiated and non-irradiated beef patties were generally not affected by the addition of garlic or onion.
